We hypothesized that early weight gain would be associated with incident obesity, higher blood pressure, systemic inflammation, and arterial wall thickening in later childhood.
METHODS:
A longitudinal birth cohort was recruited antenatally from 2 maternity hospitals in Sydney, Australia, between September 1997 and December 1999. Three hundred ninety-five nondiabetic children who were followed to age 8 years had complete data for early weight gain and arterial wall thickness. CONCLUSIONS: Early postnatal weight gain from birth to age 18 months is significantly associated with later childhood overweight and obesity, excess central adiposity, and greater arterial wall thickness. Pediatrics 2013;131:e1821-e1828
RESULTS:
The first 18 months of postnatal life are an important period for growth and development. It is a time of marked cell hyperplasia and maximal weight gain, 1,2 culminating in a body weight .3 times that at birth. 3 Changes in weight gain over this critical period may well have important consequences for body size in later life, 4 and possibly in determining or influencing the risk of disease, in much the same way as obesity and vascular risk factors in mid-and late childhood appear to be significant predictors of adult risk of cardiovascular events. 5, 6 The determinants of weight gain in infancy and its relationship to atherogenic risk factors in later childhood, however, have not been well characterized.
We have previously studied in detail a group of several hundred community-based children through gestation, infancy, and early childhood, documenting changes in body size and certain vascular risk factors and measuring arterial structure and function at age 8 years. 7, 8 In particular, we were interested in assessing carotid intima-media thickness (IMT), a marker of atherosclerosis extent and an independent determinant of cardiovascular risk in adulthood. 9 We therefore hypothesized that early weight gain, from birth to age 18 months would be associated with incident obesity, higher blood pressure, an adverse lipid profile, systemic inflammation, and arterial wall thickening in later childhood. In addition, we sought to determine the factors associated with early weight gain.
METHODS

Participants
This study reports the results in 395 nondiabetic children who had been enrolled before birth (between September 1997 and December 1999) in the Childhood Asthma Prevention Study, a 5-year randomized controlled trial after birth, to determine whether dietary omega-3 supplementation and/or house dust mite reduction may reduce the incidence of atopy and/or asthma in "at risk" children. 10 Participants were considered "at risk" on the basis of having at least 1 parent or sibling with symptoms of asthma as assessed by a screening questionnaire. Exclusion criteria included infants from a multiple birth pregnancy and those born before 36 weeks' gestation. In this trial, participants were studied at birth (n = 616) and at 18 months (n = 554), 3 years, and 5 years (n = 516) of age. 11 They were subsequently followed up at age 8 years as part of an ongoing longitudinal cohort consisting of the original randomized trial participants. Vascular risk factors and carotid IMT were assessed only at the 8-year visit. We have previously shown that these trial interventions did not alter any vascular risk factors or body size measurements in these children. 12 Two participants with clinically established type 1 diabetes were prospectively excluded. The current study reports results from those 395 nondiabetic children followed to age 8 years who had complete data for early postnatal weight gain and carotid IMT. Compared with those participants who were not included in the current analysis, the children reported here had older parents and their mothers were more likely to have a tertiary education (Supplemental Table 4 ). This study was approved by the human research ethics committees of the University of Sydney, The Children' s Hospital at Westmead, and Sydney South West Area Health Service. The parent or legal guardian of each participating child provided written informed consent before taking part in the study.
Anthropometric Measurements and Cardiovascular Risk Factors
Birth weight and length were systematically recorded from hospital records, and this information was available for all participants. The Ponderal index was calculated as birth weight/length. 3, 13 Subsequent anthropometric measures were assessed at dedicated study visits.
Weight was measured to the nearest 0.1 kg by using calibrated electronic scales; height was measured to the nearest 0.5 cm by using a stadiometer; and waist circumference was measured at end expiration midway between the lower margin of the ribs and the iliac crest. 14 BMI z score at age 8 years, weight-forlength at birth, and weight-for-height at age 18 months were calculated on the basis of US growth charts from the Centers for Disease Control and Prevention. 15 Weight-for-length z score was unable to be calculated for 1 participant with a birth length of ,45 cm. Waist-to-height ratio was calculated as a measure of central adiposity.
Additional consent to obtain a nonfasting blood sample at age 8 years was obtained for 319 participants (81%). Total and high-density lipoprotein cholesterol (HDL-C) were measured by standard enzymatic procedures, and high-sensitivity Creactive protein (hsCRP) measured by an immunoturbidometric method (Roche Diagnostics, Castle Hill, Australia). Non-HDL-C was calculated as total cholesterol minus HDL-C. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured at the brachial arterial, with the participant lying in a supine position after a 10-minute rest, by using a validated oscillometric device (Vital Signs Monitor; Welch Allyn, Skaneateles Falls, NY). The appropriate cuff size (small child, child, small adult, adult, large adult, or thigh) was determined by using the manufacturer' s artery index marker and range as printed on the cuff. The average of 2 measures, 10 minutes apart, was used for analysis. A third measure was obtained if the first 2 measures differed by ˃10 mm Hg. National Heart, Lung, and Blood Institute criteria were used to define overweight (BMI: 85th-95th percentile) and obesity (BMI $95th percentile). 16 Excess central adiposity was defined as a waist-to-height ratio $0.50. 17, 18 Carotid IMT Carotid IMT was measured by using high-resolution ultrasound, as previously described. 19 Briefly, highresolution ultrasound images of the carotid arteries were obtained in longitudinal section. Carotid IMT was measured 0 to 1 cm proximal to the carotid bulb, at end-diastole, from 3 cardiac cycles in both the left and right carotid arteries.
The single thickest point of the carotid IMT from either the right or left carotid was used for analysis, based on previous evidence that the maximum carotid IMT may be of greater relevance to later cardiovascular disease risk 9 and our previous finding that associations of cardiovascular risk factors with maximum IMT in children are stronger than for mean IMT. 20 Similar results were obtained if mean carotid IMTvalues were used in analysis (results not shown).
Parental Characteristics
Maternal age, parity, education, and smoking status during pregnancy were assessed by standardized questionnaire during a home visit by study personnel ∼4 weeks before delivery. Additional home visits were undertaken at 1, 3, and 6 months after birth, during which breastfeeding status was recorded by questionnaire.
Maternal and paternal height and weight were assessed directly at the 8-year visit. In cases in which only 1 parent attended the study visit, a selfreported measure was obtained from the nonattending partner via telephone. Complete maternal and paternal anthropometric measures were obtained for 376 and 360 participants, respectively.
Statistical Analyses
Weight gain during the first 18 months of postnatal life was described as follows: "weight gain," the unadjusted difference between weight at 18 months and weight at birth; "heightadjusted weight gain," the residual of weight gain from birth to 18 months on the change in height over the same period derived from gender-stratified linear regression; and "change in weight-for-height z score." The 2 latter variables account for weight gain attributable to concurrent stature growth. Height-adjusted weight gain is expressed as kilograms above or below that predicted from stature growth. The residuals of weight on height were determined for parental and newborn data to enable the simultaneous incorporation in the statistical models of both a measure of stature and a measure of weight. 21 To account for potential nonlinear associations, stature variables were modeled as either a linear or quadratic term, depending on which was more strongly associated with weight or weight gain.
Parental and early-life factors associated with postnatal weight gain were determined by multivariable linear regression adjusting for age at 18-month visit, gender, maternal education, and study randomization group. The selection of variables incorporated in the model was hypothesis driven. Associations of postnatal weight gain with end points at age 8 years were determined by Pearson' s correlation and multivariable linear regression for continuous variables and by logistic regression for categorical variables. Multivariable models were adjusted for age at the 8-year visit, gender, maternal education, and study randomization group. Additional adjustment for paternal education, maternal and paternal employment, and maternal and paternal country of birth did not alter our findings with regard to adiposity, cardiovascular risk factors, and carotid IMT at 8 years of age (results not shown). One individual had an outlying BMI z score of 24.1 at 8 years. The exclusion of this participant did not alter the results (data not shown).
Nonnormally distributed data were logtransformed for analysis as required. Statistical analysis was undertaken by using IBM SPSS Statistics (version 19.0; IBM Corporation, Armonk, NY). Statistical significance was inferred at P , .05.
RESULTS
Participants
Characteristics of the 395 children with data on weight gain and carotid IMT, and the subset of 319 of these participants with blood samples at 8 years, are shown in Table 1 . The SD for heightadjusted weight gain from birth to 18 months of age was 1.1 kg, and participants gained, on average, 8.0 (SD: 1.3) kg during the first 18 months of postnatal life.
Factors Associated With Weight Gain Between 0 and 18 Months
Variables significantly associated with height-adjusted weight gain from 0 to 18 months were male gender (r = 0.227, P , .001), gestational duration (r = 20.100, P = .05), birth weight (r = 0.136, P = .007), birth length (r = 0.317, P , .001), Ponderal index at birth (r = 20.203, P , .001), breastfeeding for at least 6 months (r = 20.221, P , .001), maternal height (r = 0.125, P = .01), maternal weight (r = 0.113, P = .03), paternal weight (r = 0.136, P = .008), and paternal BMI (r = 0.125, P = .02) in analyses adjusted for age at 18-month visit, maternal education, and randomization.
When entered simultaneously in a multivariable model, greater birth length and paternal height were positively associated with weight gain from 0 to 18 months, whereas female gender, longer gestation, and breastfeeding for at least 6 months were associated with lesser weight gain ( Table 2) . Similar factors were associated with height-adjusted weight gain and change in weight-forheight z score (Table 2) . 
Weight Gain
Between 0 and 18 Months and Adiposity at 8 Years Weight gain, height-adjusted weight gain, and change in weight-for-height z score from 0 to 18 months were strongly associated with measures of adiposity at 8 years of age, including BMI z score (
Weight Gain Between 0 and 18 Months and Cardiovascular Risk Factors at 8 Years
Weight gain, height-adjusted weight gain, and change in weight-for-height z score from 0 to 18 months were associated with blood pressure at age 8 years (SBP: 
Weight Gain Between 0 and 18 Months and Carotid IMT at 8 Years
Weight gain, height-adjusted weight gain, and change in weight-for-height z score from 0 to 18 months were strongly associated with carotid IMT at 8 years of age (Table 3 Table 5 ), BMI z score (0.010 mm [95% CI: 0.002 to 0.018] per kg height-adjusted weight gain, P = .02) and waist-to-height ratio at 8 years of age (0.012 mm [95% CI: 0.004 to 0.020] per kg height-adjusted weight gain, P = .002). These data suggest an independent effect of early weight gain on arterial wall thickening in later childhood.
DISCUSSION
In this article, we revealed that postnatal weight gain, from birth to 18 months of age, is associated with overweight and obesity, central adiposity, higher SBP, higher systemic inflammation, and greater arterial wall thickness later in childhood. Independent predictors of early weight gain included shorter Data are presented as means (SD) for continuous variables and n (%) for dichotomous variables, except for hsCRP, which was log-transformed for analysis and presented as the geometric mean (interquartile range). N = 395, except for maternal height (n = 378), maternal BMI (n = 376), paternal height (n = 361), paternal BMI (n = 360), non-HDL-C (n = 309), HDL-C (n = 309), and hsCRP (n = 317).
gestation, birth length, and failure to breastfeed until 6 months of age.
We found that the effect of early weight gain was amplified by later childhood, with weight at 8 years being 2.1 to 3.3 kg higher for every 1 kg of early weight gain from birth to 18 months beyond that expected from stature growth. With regard to the magnitude of the observed association of postnatal weight gain with later subclinical atherosclerosis, a 2-kg difference in heightadjusted postnatal weight gain (,2 SDs) was associated with a 0.024-mm difference in carotid IMT, similar to that associated with type 1 diabetes in children of a similar age. [22] [23] [24] These data suggest that weight gain during the first 18 months after birth may be an important determinant of future vascular health.
Growth during other critical periods of early life is a risk factor for adult cardiovascular disease. The most established of these critical periods is the prenatal period, with a large and consistent body of literature indicating that birth weight is inversely associated with cardiovascular disease risk in adulthood. 25 Consistent with this risk possibly being mediated via atherosclerotic pathways, we have previously reported that people born with impaired fetal growth have increased subclinical atherosclerosis from early childhood through early adulthood. 20, 26 Evidence concerning growth during the early postnatal period is less well established. Excessive early weight gain may be associated with later childhood obesity and obesity-related risk factors, 27 with weight gain from birth to 1 year of age and birth to 2 years of age both being important antecedents of subsequent body size later in childhood. 4 Childhood obesity is, in turn, predictive of subclinical atherosclerosis in adulthood. 28 With regard to an association between early weight gain and later cardiovascular risk factors, 1 previous study in individuals born at term found a direct association of SBP in young adulthood with change in weight from birth to 5 months of age, and from 1 year 9 months of age to 5 years of age. 29 Change in height during the same periods was more strongly associated with later blood pressure in the same study, suggesting that stature growth, as opposed to adiposity, may have been driving the associations with weight change. 16 When taken in the context of our results, these recommendations may result in improved cardiovascular risk markers, including reduced obesity, in later childhood.
Limitations of this study include the use of carotid IMT as a measure of vascular health. Intima-media thickening is an established measure of "subclinical atherosclerosis" in adults; however, the relative contribution of fatty streaks, for example, to intima-media thickening in prepubertal children is less certain. Similarly, although hsCRP concentrations predict cardiovascular event rates in adults with or without coronary disease, 30,31 the prognostic relevance of hsCRP in children is not established. In addition, although these children were community-based, participants were considered "at risk" of developing asthma and had been involved in a randomized trial related to the prevention of asthma until age 5 years. Nonetheless, participants had an anthropometric and cardiovascular risk profile similar to that from an unselected community-based population of a similar age from the same geographical area. 7, 32 We cannot exclude potential residual confounding by socioeconomic status; however, additional adjustment for paternal education, maternal and paternal employment, and maternal and paternal country of birth did not materially alter our results. Finally, we analyzed a sample of 395 subjects from the 616 originally randomized subjects. Many of the participants who were lost to follow-up were lost within the first 18 months of the trial (n = 62) and in the 3-year period between the conclusion of
FIGURE 1
Height-adjusted early weight gain between 0 and 18 months of age and (A) BMI z score, (B) SBP, and (C) carotid IMT at age 8 years. Results were derived from Pearson' s correlation. Height-adjusted weight gain (kg) is the amount an individual' s weight gain differs from that predicted by his or her change in stature over the same period. IMT, intima-media thickness; SBP, systolic blood pressure.
the randomized trial at age 5 years and the first posttrial visit at age 8 years (n = 56). An additional 40 participants attended the 8-year visit but did not consent to the vascular testing. Nonetheless, the participants included in this analysis were largely similar to those who did not participate, with the exception of having older mothers with a higher prevalence of tertiary education, and a higher prevalence of breastfeeding at 6 months of age.
CONCLUSIONS
Early postnatal weight gain from birth to age 18 months potentially affects later body size and arterial development, being independently associated with childhood overweight and obesity, excess central adiposity, and greater arterial wall thickness. We have identified, for example, that breastfeeding is a potentially modifiable factor associated with significantly less early-life weight gain. Future studies could assess whether reducing such early-life weight gain might be associated with improved cardiovascular risk profiles in later life.
